The objectives of the study were to identify the incidence rate and characteristics of adverse drug events (ADEs) in nursing homes (NHs) using the ADE trigger tool and to evaluate the relationships between resident and facility work system factors and incidence of ADEs using the System Engineering Initiative for Patient Safety (SEIPS) model. The study used 2 observational quantitative methods, retrospective resident chart extraction, and surveys. The participating staff included Directors of nursing, registered nurses, certified nurse assistants (CNAs). Data were collected from fall 2016 to spring 2017 from 11 NHs in 9 cities in Iowa. Binary logistic regression with generalized estimated equations was used to measure the association between ADE incidence and resident and facility characteristics. We extracted data from 755 medical charts and conducted 33 staff surveys. There were 6.13 ADEs per 100 residents per month. More than half were fall-related (51.1%), and half of those were due to hypotension. Regression analysis revealed significant associations between ADEs and opioid analgesics, psychotropic medications, warfarin, skilled care, consultant pharmacist accessibility, nurse-physician collaboration, CNA vital sign assessment skills, number of physician visits, nurse workload, and use of electronic health records. Five resident characteristics (skilled care, dementia, use of opioids, warfarin, psychotropics) and variables from 5 domains of the facility work system (organization, task, environment, person, technology) had significant associations with ADE incidence. The SEIPS model successfully identified work system factors influencing ADEs in NHs.
A ccording to the U.S. Nursing Home Data Compendium, nursing homes (NHs) were home for more than 1.4 million residents in 2015-85% aged 65 and older and 41.3% aged 85 and older. 1, 2 In 2014, there were 15,600 NHs in the United States 3, 4 Because medication is commonly used in NHs, one concern is adverse drug events (ADEs), which are unintended medicationinduced injuries that need monitoring, intervention, or hospitalization or result in death. [5] [6] [7] ADEs can be preventable (medication errors) or nonpreventable (most adverse drug reactions). 8, 9 A medication error is defined as "a failure in treatment process that leads to, or has the potential to lead to, harm to patient." 10 Adverse drug reactions are unintended consequences that usually occur at normal therapeutic doses such as first-dose hypotension induced by angiotensin-converting enzyme inhibitors. 10, 11 NH residents usually have several risk factors for ADEs at an individual level, including age, frailty, disability, multiple chronic diseases, and multiple concurrent medications. 12 NH residents with multiple chronic diseases usually need multiple medications, including risky drugs such as opioids, antipsychotics, antidepressants, antiepileptics and anti-infectives. 13 Half of NH residents take 9 or more medications. 14 In addition, elderly people are at risk of anticoagulant-induced bleeding and antidiabetic agentinduced hypoglycemia. 15 Psychotropic medications increase risk of falls, cognitive impairment, and extrapyramidal side effects. 16 In addition to old age, disability, illnesses, and multiple medications, NH residents face risk factors at the organization level, such as a low level of staff knowledge regarding high-risk medications and vague procedures to respond to laboratory data. 5 In addition to inadequate staffing, NH nurses and nursing aides have a high workload and time pressure. 17 Moreover, NH nurses experience interruptions during medication preparation and administration, which increases medication error rates. 18 Finally, NH staff may have limited accessibility to resident physicians and lack of interdisciplinary collaboration. 19 Previous ADE-related studies were limited to measurements of incidence, preventability, and severity of ADEs and the medications associated with them. The incidence of ADEs ranged from 1.2 to 10.8 per 100 resident-months. 9 Although many studies have investigated ADEs in NHs, they have usually focused on investigating the incidence, causes, and most common medications associated with ADEs. The current study measured the relationship between incidence of ADEs and multiple potential factors, including organizational factors, resident characteristics, and NH staff clinical competencies and collaboration.
Theoretical Framework
In 2006, the Systems Engineering Initiative for Patient Safety (SEIPS) model was developed to explain the influence of the work system (interaction between person and work environment) in a healthcare setting and process on health outcomes. 20 A work system is composed of 5 components: person(s), organization, technologies and tools, tasks, and environment. Several studies adopted SEIPS for resident safety and quality care delivery topics in different healthcare settings such as cardiac surgical care, 21 intensive care unit (ICU) nurse-led proactive risk assessment, 22 and cognitive pharmaceutical services in community pharmacies. 23 The SEIPS model also guided work in clinical discipline, workload obstacles for ICU nurses, 24 and workflow design and evaluation in outpatient settings. 25 In 2017, a review article was published summarizing the factors influencing medication safety in NHs and classified the literature according to the 5 domains of the SEIPS work system. 9 By using a SEIPS model, the current study developed a comprehensive approach to identifying potential individual and work system factors influencing incidence of ADEs (Figure 1 ). Having a conceptual framework such as SEIPS to guide the study of organizational influences on medication safety can provide important guidance to future researchers of medication safety in NHs and other settings.
The objectives of this study were to identify the incidence and characteristics of ADEs in NHs using the ADE trigger tool and evaluate the relationships between facility work system characteristics and incidence of ADEs using the SEIPS model as a conceptual framework.
METHODS
Resident and facility characteristic data were collected at 11 NHs in 9 cities in Iowa during fall 2016 and spring 2017. The method has an observational quantitative design with 3 sources of data. First, resident medical charts and Minimum Data Set were examined to identify resident and ADE characteristics. Second, paper surveys were distributed to 3 practitioners in each facility, the director of nursing (DON), a staff registered nurse (RN), and a certified nursing assistant (CNA). The surveys provided facility SEIPS work system and staff characteristics. Third, the website of Medicare.gov Nursing Homes Compare provided information about each facility's quality rating, the number of certified beds, facility ownership, quality measures, and number of nurse and CNA hours per resident per day. 1 We retrospectively reviewed medical charts using the Centers for Medicare and Medicaid Services (CMS) ADE trigger tool to detect ADEs for up to the previous 12 months. 8 We relied on CMS ADE trigger tool, which has been developed in several rigorous studies since 2003 and included specific identifiable triggers. The chart extraction included every resident taking trigger tool medications except those with hospice status because hospice residents received less aggressive treatment and fewer laboratory tests. The ADE triggers include history of any ADE, complete active diagnoses, signs and symptoms, abnormal laboratory results and vital signs, use of specific emergency medications, and nurse notes. 26 All data were de-identified using a unique encrypted resident identifier. The medical chart extraction provided ADEs and resident characteristics. Medical chart extraction included reviewing physician orders, nurse notes, consultant pharmacist comments, hospital discharge summary, trigger laboratory results, vital signs, and fall reports. The University of Iowa Human Subjects Office approved this study.
Surveys
Two surveys were developed, one for DONs and RNs and the other for CNAs. The surveys included questions about facility conditions, environment, technology, tasks, and staff and practitioners. The DON is the most experienced RN in the facility work system, but we also surveyed another RNs because the DON role is primarily administrative and may have less direct resident contact. CNA roles are usually related to daily caregiving and measuring vital signs, and they are in daily contact with residents and would notice any change in resident health related to ADEs.
The SEIPS concepts were operationalized to develop most of the survey questions, although 3 items about facility nurse work and pharmacist accessibility were used from already-validated measures from previous studies (Supplementary Appendix S1). The survey questionnaires were a combination of multiple choice, 5-point Likert scale, and mark all that apply plus 2 open-ended questions. A geriatric pharmacist and a NH consultant pharmacist reviewed the questions to ensure content validity. An independent CNA evaluated the clarity and relevance of the questions.
Statistical Analyses
Statistical analyses were conducted using SAS, version 9.3 (SAS Institute, Inc.., Cary, NC). Descriptive statistics regarding facility, staff, resident, and ADE characteristics were calculated. Binary logistic regression was used to measure the association between 10 resident and 10 facility characteristics and ADE incidence. We used generalized estimated equation methodology, which provides robust standard errors, 27, 28 and allowed for within-NH correlation. 29 All variables were simultaneously included in the model.
RESULTS
One of the 11 participating NHs was governmental, and the other 10 were equally divided between for profit and nonprofit organizations (Table 1) . Facility size ranged from 33 to 129 residents. The quality of the NHs ranged from 1 (poorest quality) to 5 stars (highest quality) according to the Medicare Star Rating criteria, which are based on number of health deficiencies that state health surveyors identify and the ratio of staff (nurses and CNAs) to residents.
Residents duration of residence varied from a few days to 34 years. The sample of residents comprised of a combination of long-and short-stay residents. The average age of residents was 81.5, and 68.24% were female (Table 2) . Sixty-four percent of residents with ADEs had hypertension, 43.8% dementia, 36.2% depression, and 14% general muscle weakness (Table 3) . Ninety-six percent of residents with ADEs and 94.1% of residents with fall-related ADEs were taking at least 1 antihypertensive, psychotropic, or antidiabetic medication, which can cause falls. Psychotropic medications (antipsychotic, antidepressant, antianxiety) (74.9%), opioids (51.9%), and anticoagulants (21.3%) were the most common medications associated with ADEs (Table 3) . Residents with ADEs were more likely to be taking these medication classes.
Charts of 755 residents from 11 NHs were extracted; 309 ADEs were identified in 235 NH residents over an average of 6.7 months, with a rate of 6.13 ADE incidents per 100 residents per month. This rate applies only to those taking trigger tool medications. Approximately half of the ADEs were fall-induced (51.1%) and half of those harmful falls were due to hypotension. Some of the ADEs led to hospitalization (4.5%) or emergency department admission (3.6%), whereas nurses treated 91.9% of cases inside the NHs after contacting the primary care provider. The most common non-fall-induced ADEs included psychotropic-induced confusion, dizziness, or drowsiness (6.5%); antibiotic-induced Clostridium difficile diarrhea (4.2%); anticoagulant-induced bleeding (3.9%); and antidiabetic-induced hypoglycemia (3.2%) ( Table 4) .
We measured the association between ADE incidence and 20 resident and facility factors (Table 5 ). Regression analysis revealed that 12 (6 resident, 6 facility) characteristics were significantly associated (P<.05) with incidence of ADEs (Table 5) : psychotropic medications, warfarin, opioids, dementia, skilled care reviewed fall duration, consultant pharmacist accessibility, nurse-physician collaboration, CNA skills in taking vital signs, number of physician visits to facility, nurse workload, and electronic health records (EHRs) ( Table 5 ). For example, residents taking warfarin were 2 times as likely to have an ADE (odds ratio (OR)52.1) as residents not taking warfarin. Residents in skilled nursing care units were more likely (1.75 times odds) to have ADEs than residents in intermediate care units. The more skilled CNAs were in taking vital signs, the lower the incidence of ADEs.
Two organization characteristics (consultant pharmacist accessibility, nurse-physician collaboration) had a significant negative association with ADE incidence. Facilities with greater nurse-physician collaboration were significantly less likely (OR50.78) to have residents with ADEs. The number of physician visits to a facility, a facility environmental variable, had a significant negative relationship with ADE incidence. In other words, more-frequent physician visits were associated with lower likelihood of ADEs. Facilities with higher nurse workload were significantly more likely to have ADE incidents.
There was a significant positive association between use of EHRs and ADE incidence. Five facilities had EHRs, and the other 6 used paper health records. During data collection, it was observed that 5 EHRs were partially implemented because they contained electronic nurse notes and vital signs or medication administration records, and the other resident health data were available in paper charts.
DISCUSSION
The most important contribution of this study is that it comprehensively investigated individual and system-wide (organizational) factors that may influence ADEs in NHs. To our knowledge, this is the first study to quantitatively test the use of SEIPS to comprehensively identify factors influencing medication safety.
The second contribution of this study is that we identified 309 ADEs in 235 NH residents using the CMS ADE trigger tool, which has been shown to increase the ADE identification rate 50 times over conventional chart extraction methods, 30, 31 although none of the 7 consultant pharmacists in the participating NHs used it, instead using potentially inappropriate medication lists such as Beers, Screening Tool of Older People's Prescriptions, and Screening Tool to Alert to Right Treatment. Use of the ADE trigger tool required 20 to 30 minutes to review and record ADEs in each medical chart for up to 12 months. The ADE trigger tool is more effective than the potentially inappropriate medication list in identifying ADEs, but it may require significantly more time. The use of the ADE trigger tool is more efficient and cost effective, but it may be less reliable than direct observation because it can be used to retrospectively identify ADEs of several months .
This study found the incidence of ADEs in NHs to be 6.13 per 100 residents per month (Table 4) , which is within the range that previous studies have identified (1.89 to 10.8 per 100 resident-months). 8, 32 Hypotension was responsible for approximately half the fall-related ADEs (Table 4) . Similarly, 2 earlier studies found that orthostatic 33 and postprandial 34 hypotension are risk factors for falls in NH residents. Ninety-four percent of residents were taking psychotropic, antihypertensive, opioid, or antidiabetic medications (Table 3) . The 11 participating NHs varied in EHR implementation, ownership type, quality star rating, number of staff hours per resident, number of residents, and health deficiencies (Table 1 ). This range of facilities gives our sample more generalizability. In 2014, there were 442 NHs in Iowa State, 122 facilities had fewer than 50 beds, 257 had 50 to 99, 59 had 100 to 199, and 4 had more than 199. Similarly, the participating NHs had an average of 99.6 beds (range 40-201 beds). 2 The 6 statistically significant facility variables represent 5 domains of the SEIPS model: organization, task, environment, person, and technology. Regression analysis showed that taking warfarin has a significant positive association with ADE incidence. Warfarin is a high-risk medication, and failing to monitor international normalized ratios (INRs) can cause bleeding or clotting. Warfarin was problematic because it was associated with 12 cases of bleeding (ADEs) ( Table 4 ). Eight of the 11 NHs measure INR monthly, but some authors recommend measuring weekly and extending this to monthly only in cases of long-term stable INRs. 35 A British study of 55 NHs found that failure to request monitoring caused 90.6% of monitoring errors. 19 This study found a significant positive association between psychotropic medications and ADEs. Although the consultant pharmacists work to reduce the number of psychotropic medications, 69.1% of the residents in this study were taking 1 or more of them. Psychotropic medications caused 20 cases of confusion, hallucination, delirium, dizziness, and drowsiness, which may have also caused fall incidents. Likewise, 5 previous studies found a significant positive association between psychotropic medications and falls in NH residents. [36] [37] [38] [39] [40] Opioid analgesics have a significant positive association with ADEs. The most common adverse drug reaction associated with the long-term use of opioids is constipation. 41 Two hundred seventy-nine residents (37.0%) were taking analgesic opioids (e.g., hydrocodone, oxycodone, morphine). As a previous study in NHs did, we considered laxative use to be a proxy for constipation. 42 Of 237 residents who were taking an opioid and a laxative at the same time, 72 were identified as having opioid-induced constipation (ADE) when they were prescribed a laxative after or at the same time as the scheduled opioid. Similarly, 3 previous studies found an association between use of opioids and ADEs in long-term facilities. 13, 43, 44 Dementia also has significant positive association with ADE incidence. Dementia can increase the risk of falls. A study of 16 NHs in North Carolina indicated that dementia is a risk factor for falls in NH residents. 45 Two other studies in the United States found a significant positive association between moderate cognitive impairment and falls in NH residents. 46, 47 The analysis also found a positive significant association between receipt of skilled care and ADEs. Lack of cooperation between NHs and hospitals during transitions can lead to ADEs in skilled nursing facility residents. A study assessing the electronic data of 495 NHs in North Carolina found that 11% of medication errors occur during transitions to NHs. 48 The consultant pharmacist may miss the medication review of skilled care residents who are admitted and discharged in between pharmacist monthly visits. The higher ADE incidence also could relate to the short-stay residents having more-acute health situations, which provides less buffer before some type of harm can occur.
The accessibility of a consultant pharmacist outside the visit days has a significant negative association (OR50.71) with ADE incidence, meaning that greater pharmacist accessibility could reduce ADE incidence. Consultant pharmacists usually visit facilities every month to review medication regimens and laboratory data. The DON can call the consultant pharmacist outside these visit days to ask about medications, which can help prevent ADEs. Nurse-physician collaboration and number of physician visits to a facility have a significant negative association with ADE incidence. The facility nurse is responsible for detecting and reporting ADEs and abnormal laboratory results to the physician. After reporting a potential ADE (abnormal laboratory results or vital signs), the nurse typically receives a physician order to treat the potential ADE before it progresses to an actually ADE, such as holding warfarin for a few days in the case of a high INR (> 4.5) to prevent warfarin-induced bleeding. Without timely nurse action to inform the physician and a timely response from the physician, any potential ADE can progress to an actual ADE. A Belgian study found that physicians have limited access to NH resident information outside the facility. 49 More frequent visits would help physicians to detect and manage abnormal vital signs, laboratory results, and symptoms before they progress to ADEs. Therefore, nurse-physician collaboration and frequent physician visits are critical to preventing or minimizing ADEs.
CNA skills in taking vital signs have a negative relationship with ADE incidence. Unlike INR tests, NH staff measure vital signs, and improving their ability to do so would probably not be expensive to facilities. For example, required periodic training on measuring vital signs could be conducted in NHs. NH CNAs provide 80% to 90% of resident care, and their annual turnover rate may reach 400%. 50, 51 The annual turnover rate of CNAs in 8 of the participating NHs was 21% to 60%. A high CNA turnover rate can reduce facility quality of care. 51, 52 We did not include this variable (CNA turnover rate) in the regression analysis because of missing data, but we consider it important and worthy of further study.
Nurse workload has a significant positive association with ADEs. The National Coalition for Nursing Home Reform requires at least 1 nurse per 15 residents during the day and 1 nurse per 20 residents during the evening, 53 but several of the NHs had a lower ratio of nurses to residents per day than the federal limit. Similarly, a Canadian study of 7 NHs found nurse:resident ratios ranging from 1:25 to 1:36 for all shifts, and the nurses felt "rushed" and anxious about work demands. 17 The large number of residents per nurse adds workload stress to nurses, who are already overloaded with multiple duties.
The use of EHRs, which represent technology in the SEIPS model, had a significant positive association with ADEs. All 5 NHs with EHRs were in a transition period with partial EHRs such as electronic nurse notes, consultant pharmacist notes, vital signs, and medication administration records, with the rest of the materials in paper charts. Thus, no NH had fully implemented an EHR. This fragmentation in the documentation could make following proper levels of care more difficult, which could result in ADEs.
Based on the study results and observations, some recommendations can be made. One is to increase the frequency of vital sign measurements of intermediate care residents to once weekly rather than once monthly, particularly for residents with frequent hypotensive incidents or frequent falls. INRs should be closely monitored for residents taking warfarin. Also, giving NH physicians full access to resident EHRs remotely can help them make better decisions when they are off-site. Direct contact between physicians and consultant pharmacists would enhance their relationship. New CNAs need to be trained to measure vital signs accurately, and the number of nurse hours per resident per day should be increased.
The study has some limitations to be considered. It was conducted in 11 NHs in 1 state. This small number of facilities may reduce the generalizability of our results, although the participating facilities represent a wide range of geographic, size, and quality features. We did not include the variable interactions in the regression analysis after we found them to be nonsignificant. We reviewed 81.6% of available resident charts and excluded those without the 14 trigger medication classes and in hospice. Additionally, some of the measures used in the surveys were used for the first time. Use of the ADE trigger tool is a potential limitation, in that a formal adjudication method was not used to determine the presence of ADEs. It is possible that the method used could have overestimated the number of ADEs, qlthough the number of ADEs was within the range of ADE rates reported in previous studies.
CONCLUSIONS
This is the first study to quantitatively test the use of the SEIPS model to identify factors influencing medication safety in NHs. The SEIPS model allowed a comprehensive approach to identifying potential factors influencing ADEs. The 5 work system factors (organization, environment, task, technology, person) significantly influence ADE incidence in NHs.
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Binary outcome: ADE (1) vs no ADE (0). Odds ratio (OR)>1, independent variable associated with greater odds of ADE (positive association); OR<1, independent variable associated with lower odds of ADE (negative association) [109] . As diagnostic test for binary logistic regression, we conducted Hosmer-Lemeshow goodness-of-fit test to evaluate whether model lacks fit. 
